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Abstract Treatment of cancer has evolved in the last decade with the introduction of new therapies. Despite these suc-
cesses, the lingering cardiotoxic side-effects from chemotherapy remain a major cause of morbidity and mortality in
cancer survivors. These effects can develop acutely during treatment, or even years later. Although many risk fac-
tors can be identified prior to beginning therapy, unexpected toxicity still occurs, often with lasting consequences.
Specifically, cardiotoxicity results in cardiac cell death, eventually leading to cardiomyopathy and heart failure.
Certain risk factors may predispose an individual to experiencing adverse cardiovascular effects, and when unex-
pected cardiotoxicity occurs, it is generally managed with supportive care. Animal models of chemotherapy-
induced cardiotoxicity have provided some mechanistic insights, but the precise mechanisms by which these drugs
affect the heart remains unknown. Moreover, the genetic rationale as to why some patients are more susceptible
to developing cardiotoxicity has yet to be determined. Many genome-wide association studies have identified geno-
mic variants that could be associated with chemotherapy-induced cardiotoxicity, but the lack of validation has made
these studies more speculative rather than definitive. With the advent of human induced pluripotent stem cell
(iPSC) technology, researchers not only have the opportunity to model human diseases, but also to screen drugs
for their efficacy and toxicity using human cell models. Furthermore, it allows us to conduct validation studies to
confirm the role of genomic variants in human diseases. In this review, we discuss the role of iPSCs in modelling
chemotherapy-induced cardiotoxicity.
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This article is part of the Spotlight Issue on Cardio-oncology.

1. Introduction

Cancer remains one of the leading causes of morbidity and mortality in
the United States,1 and the annual number of new cancer cases is pro-
jected to rise to about 24 million by 2030. Notwithstanding the upward
trend of cancer cases, substantial improvements in the diagnosis and
management of cancer patients have been made in recent decades to sig-
nificantly reduce the overall cancer death rate and boost the 5-year sur-
vival rate. The progress has been attributed mostly to newer and more
targeted therapies for cancer, including immunotherapies,2 nanomateri-
als,3 and the ongoing development of new drugs. Despite these efforts,
significant barriers remain for entry of new therapies. With average clini-
cal approval rates of 13.4% and costs of $1.4 billion per successful drug,4

the development of new chemotherapeutics has become an unsustain-
able endeavour, with an overall negative return on investments. While

efforts are underway to decrease costs and improve the success rate of
drug development, it is clear that most chemotherapy regimens will re-
quire the use of our existing array of approved drugs.

While many of the approved drugs are effective as primary or adjunc-
tive cancer treatments, subsets of patients experience severe, deleteri-
ous side effects. Perhaps some of the most debilitating side effects occur
from cardiovascular toxicity, which can be classified in two ways: tradi-
tional and targeted chemotherapeutics.5 Traditional chemotherapeutics
cause irreversible damage to the myocardium, including apoptosis or ne-
crosis of cardiomyocytes, whereas targeted chemotherapeutics cause
reversible damage to cellular function and physiology. Toxicity has been
observed in multiple classes of drugs, including anthracyclines,6 anti-
microtubule agents,7 tyrosine kinase inhibitors (TKIs),8 and antibody-
based drugs such as trastuzumab.9 The question as to why certain
patients are impacted severely by these drugs, while others tolerate

* Corresponding authors. Tel: (650) 736-2863; fax: (650) 736-0234, E-mail: sayedns@stanford.edu (N.S.); Tel: (650) 736-2246; fax: (650) 736-0234, E-mail: joewu@stanford.edu (J.C.W.)

Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.

Cardiovascular Research (2019) 115, 949–959 SPOTLIGHT REVIEW
doi:10.1093/cvr/cvz024



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
them well has yet to be answered. Furthermore, the mechanisms of tox-
icity of these drugs are likely multifactorial.

A wealth of clinical information is available on chemotherapy-induced
adverse drug events, including both acute and chronic cardiotoxicity.10

However, most clinical information is collected during the terminal
stages of cardiotoxicity, when the patients have already developed irre-
versible myocardial injury. Similarly, several preclinical models have been
developed to exhibit chemotherapy-induced cardiomyopathy11; how-
ever, these animal models are disadvantaged for not being suitable for
comparative studies with respect to cardiac function measurements.
Moreover, as animals possess different cardiovascular physiology com-
pared with that of humans, it is difficult to reliably identify suitable bio-
markers that can detect or predict the onset of cardiotoxicity.11,12 Thus,
there is a compelling need to establish a unique human-based platform
that can evaluate the cardiac safety profile of patients receiving
chemotherapy.

The advent of induced pluripotent stem cell (iPSC) technology13,14

has finally allowed researchers to circumvent these issues, and to model
human cardiovascular disease.15,16 Importantly, it has allowed us to
screen drugs for efficacy and toxicity studies in vitro.17 In this review, we
discuss the state-of-the-art knowledge in chemotherapy-induced cardio-
toxicity and discuss how human iPSC-derived cardiomyocytes (iPSC-
CMs) can be leveraged as an ideal platform to conduct cardiotoxicity
testing. We also highlight the importance of iPSC-CMs in the pharmaco-
genomics of chemotherapy-induced cardiotoxicity.

2. Traditional chemotherapeutics:
anthracyclines

Anthracyclines are one of the most effective classes of chemotherapeu-
tics. Daunorubicin, the first identified member of the class, was isolated
in the 1960s from the soil microbe Streptomyces peucetius and was found
to have extensive tumour activity against lymphopblastic and myeloblas-
tic leukaemia in mice; however, marked cardiotoxicity was observed.18

A short time later, the related compound doxorubicin (DOX) was iso-
lated from a separate strain of S. peucetius19 with an even broader effec-
tiveness against tumours. By the 1970s, DOX entered clinical use and
has remained a chemotherapy staple for over 40 years.

Though effective, DOX comes with harsh side effects, notably cardio-
toxicity that has both acute and chronic presentations. Acute toxicity
occurs either during or immediately following the infusion of an anthra-
cycline and is characterized by cardiac rhythm disturbances and hypoten-
sion.20 These effects are typically temporary and will resolve once the
infusion is completed. New dosing guidelines have made acute toxicity a
rare occurrence.21 The most clinically significant toxicities are sub-
chronic and chronic toxicities, which have similar clinical features and are
distinguished mainly by the time of onset. Early chronic toxicity is ob-
served within weeks to months following anthracycline treatment.
Chronic toxicity is observed years or even decades later, which has sig-
nificant implications for survivors of childhood cancers who received
anthracyclines as part of their chemotherapy regimen.22 A recent pro-
spective study suggested that improved surveillance might detect an
early insult from anthracycline therapy in approximately 98% of toxicity
cases, perhaps demonstrating that chronic toxicity cases are simply the
outcome of progressive dysfunction over months to years.23

The mechanisms behind anthracycline toxicity, such as the mecha-
nisms behind its anti-neoplastic effects, are complex. Anthracyclines in-
tercalate into DNA, forming adducts that interfere with its replication.

Similarly, they are also known to generate reactive oxygen species
(ROS), resulting in DNA and mitochondrial damage. Initially, much of
the toxic effects were believed to be related to the abundant ROS gen-
eration.24 However, the role of ROS in cardiotoxicity of anthracyclines
is controversial, as other studies have found that it does not contribute
significantly to cardiomyocyte death.25 Therapeutics towards ROS-
mediated cardiotoxicity have also failed to be translated clinically, as
free-radical scavenging compounds such as vitamin E, N-acetylcysteine,
and others have failed to confer protection.26 Further research identified
topoisomerase IIb (TOP2b) as a major player in the cardiotoxic effects
of anthracyclines.27 The investigators showed that deletion of TOP2b in
mice failed to recapitulate the effects of DOX-induced cardiomyopathy,
including the formation of ROS and DNA damage. This mechanism was
further supported by the observation that dexrazoxane, a TOP2b19 in-
hibitor, conferred protection against anthracycline toxicity.28

3. Other traditional
chemotherapeutic agents

Cardiotoxicity has also been observed with other traditional chemother-
apeutic agents. These include antimetabolites, alkylating agents, platinum
agents, and anti-microtubule agents. The antimetabolite drug 5-fluoro-
uracil (5-FU) has a common incidence of cardiotoxic effects, primarily
rhythm disturbances and angina. More serious effects such as congestive
heart failure (CHF) occur in less than 2% of patients. Proposed mecha-
nisms of 5-FU toxicity include ROS-mediated damage, accumulation of
intracellular citrate,29 toxic degradation products from improper stor-
age,30 and myocardial damage secondary to vascular toxicity and vaso-
spasm.31 The remaining classes of traditional chemotherapeutics have
rare cardiotoxic effects, and their mechanisms are not well studied.
Documented effects of cyclophosphamide, an alkylating agent, include
tachyarrhythmias, CHF, pericarditis, and haemorrhagic myocarditis.32

Taxanes, which target microtubules, have been associated with rhythm
disturbances, but clinically significant cardiotoxicity is rarely observed.

4. Targeted chemotherapeutics:
kinase inhibitors

Kinase inhibitors are a class of drugs comprised of small molecule inhibi-
tors and monoclonal antibodies. Generally, these drugs target tyrosine
kinases, although some may directly or indirectly target kinases in other
families, such as serine/threonine kinases. The two classes of kinase inhib-
itors that are widely used in clinics include trastuzumab (Herceptin), a
monoclonal antibody, and TKIs. These new drugs differ from older
agents in that they are often developed through ‘rational drug design’, a
method that attempts to target specific proteins and receptors vital for
malignant survival, proliferation, and metastases, while attempting to
minimize off-target effects.33 Trastuzumab works by targeting human
epidermal growth factor receptor 2 (HER2), a receptor tyrosine kinase
and oncogene present in approximately 30% of breast cancers
patients.34 TKIs were developed against vascular endothelial growth fac-
tor receptor 2, epidermal growth factor receptor, and serine/threonine
protein kinase B-raf.35

4.1 HER2 inhibitors
Although kinase inhibitors tend to be tolerated better than other classes,
adverse effects including cardiovascular toxicity continue to be
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documented. Patients with trastuzumab cardiotoxicity usually show mild
reduction in their left ventricular ejection fraction (LVEF) and an increase
in their serum cardiac troponin I (cTnI) concentration, but patients may
occasionally develop CHF.36 Alone, trastuzumab causes overt cardio-
toxicity in about 4% of treated patients; however, when it is combined
with an anthracycline or taxane, the incidence rises to 27% and 12%, re-
spectively.37 For the majority of these treated patients, the effects are re-
versible upon discontinuation, but there is lasting damage for others.36

Trastuzumab cardiotoxicity appears to be due to blocked cardioprotec-
tive effects of the HER2/4 signalling pathway. Although HER2 is an or-
phan receptor, the inhibition of HER2 by trastuzumab can lead to
impaired HER2/4 signalling, which interferes with neuregulin-1 (NRG-1)
signalling and eventually results in ROS production and mitochondrial
dysfunction.38 Although the clinical effects appear to be largely revers-
ible, trastuzumab seems to cause lasting ultrastructural damage and
changes in the expression of genes associated with DNA repair in cul-
tured rat ventricular cardiomyocytes. The significance of these chronic
changes is unknown.

4.2 Tyrosine kinase inhibitors
Concerns for cardiotoxicity with small molecule inhibitors were raised
in 2006 when 10 patients who were treated with imatinib, a TKI, report-
edly developed CHF after beginning therapy.39 However, this finding
was controversial; a retrospective review of reported cases of cardio-
toxicity found only 0.6% were considered as a possible consequence of
drug treatment.40 Currently, six TKIs carry FDA warnings about cardio-
toxicity: sunitinib, vandetanib, trametinib, vemurafenib, ponatinib, and
nilotinib. Nilotinib, vendetanib, and vemurafenib are associated with QT
prolongation and carry a risk of sudden death, whereas sunitinib is asso-
ciated with decreased LVEF41 and QT interval prolongation.8 Ponatinib
and trametinib are associated with CHF. Cardiac dysfunction has been
noted in other TKIs that target the vascular endothelial growth factor
pathway, including sorafenib,8 pazopinib,42 and axitinib.43 In addition,
TKIs can have diverse cardiovascular sequelae that extend beyond car-
diomyopathy. Depending on the specific kinases being targeted, cardio-
vascular toxicities may include vascular effects, QT interval prolongation,
pericarditis/pericardial effusion, and arrhythmias such as atrial
fibrillation.44

The toxicity of other TKIs has been less obvious. In 2006, Kerkelä et
al.39 performed the first in-depth assessment of imatinib-induced cardio-
toxicity using a mouse model. After 3–4 weeks of treatment in healthy
mice, left ventricular (LV) dilation, and contractile dysfunction were ob-
served. Imatinib was shown to induce the endoplasmic reticulum (ER)
stress response, leading to the downstream collapse of the mitochon-
drial membrane potential, caspase inhibition, and ATP-depletion. The
primary mechanism of cell death was through necrosis, supporting find-
ings of decreased LV mass in the absence of apoptosis. A study in cul-
tured rat ventricular cardiomyocytes found an inverse correlation
between the target selectivity of the TKI and cardiotoxicity, implicating
off-target effects as the primary driver of toxicity.45 Inhibition of colony
stimulating factor 1 receptor (CSF1R), in particular, was identified as be-
ing involved in cardiotoxicity.

Other groups have studied TKIs with similar target profiles. A study of
the multi-kinase inhibitors pazopanib, sorafenib, and sunitinib failed to
demonstrate gross toxicity in the absence of cardiac stress; however,
conduction abnormalities were noted in the sorafenib-treated group
when stressed with dobutamine.46 Mitochondrial degeneration was ob-
served in the sunitinib-treated rats as well. Despite the similarities in tar-
geted kinases, the drugs appear to have different toxic effects, suggesting

off-target effects are important to the pathophysiology. Arrhythmogenic
and QT interval prolongation effects of other TKIs have also been inves-
tigated, and the mechanism appears to involve interference with
phosphinositide-3 kinase signalling, which has downstream effects on
multiple ion channels,47 although the clinical significance of QT prolonga-
tion is unknown.

5. Proteasome inhibitors and
immunomodulators

Proteasome inhibitors (PIs) and immunomodulators are both commonly
used for the treatment of multiple myeloma (MM), and patients taking ei-
ther class of drugs have shown cardiovascular toxicity.48 Indeed, many
clinical trials have shown that all the three approved PIs (bortezomib,
carfilzomib, and ixazomib) induce cardiotoxicity in patients to varying
degrees.49 PIs act by targeting malignant plasma cells and inhibiting their
proteasome activity, leading to apoptosis of the cancer cells.50

Consequently, the PIs also inhibit proteasome activity and sarcomeric
protein turnover in cardiomyocytes, leading to cardiac cell death via
caspase-3/7 signalling.51 As these results do not reflect the clinical experi-
ence, it seems likely that the toxicity might be due to some other mecha-
nism. Moreover, as MM more commonly occurs in older patients who
often have concurrent cardiovascular complications, a better platform
for toxicity screening is warranted.

Immunomodulators, including thalidomide, pomalidomide, and lenali-
domide, function by inducing the selective ubiquitination and degradation
of essential lymphoid transcription factors.52,53 These drugs have been
associated with a dramatic increase in thromboembolic events when
used in combination with cytotoxic therapies or dexamethasone. The
mechanisms behind these events are unclear, but increased cytokine lev-
els, tissue factors, and genetic factors have been hypothesized to play a
role.48

6. Immunotherapies

Immunotherapies, often referred to as biologic therapies, are cancer
treatments that target or use the patient’s own immune system to kill
cancer cells. In recent years, the field of oncology has seen an explosion
of these therapies that have been particularly effective against certain
types of cancers. There are several forms of immunotherapies, each
assisting the immune system in their own unique way; however, the two
most commonly used ones include immune checkpoint inhibitors and
adoptive cellular therapy (ACT). While immune checkpoint inhibitors
help immune cells such as T cells to mount an attack on the cancer
cells,54 ACT provides additional power to these immune cells by increas-
ing the number of T cells.55 Despite these advancements, the increased
use of cancer immunotherapies has started to highlight adverse cardio-
toxic events in patients. Indeed, immune checkpoint inhibitors targeting
CTLA-4 and PD-1 have been shown to be associated with cardiotoxic
events including acute myocarditis, conduction abnormalities, and ven-
tricular dysfunction.56 Cardiotoxic reactions have also been observed in
patients subjected to ACT, with one report showing multi-organ dam-
age, lymphocytic myocarditis, and fatal cardiac arrest in a patient 6 days
following ACT that targeted melanoma antigen recognized by T-cells
(MART-1).57 Similarly, another case report showed that ACT targeting
melanoma-associated antigen 3 (MAGE-3) on T cells led to the develop-
ment of cardiogenic shock and myocardial damage in patients.58

Human iPSCs for cardiotoxicity 951
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..While the incidence of cardiotoxicity remains low with immunothera-
pies, the appearance of immune-mediated myocarditis in patients raises
the need to carefully surveil patients treated with cancer immunother-
apy. Figure 1 summarizes the cardiotoxic side effects of the different che-
motherapeutic agents.

7. Current management of
cardiotoxicity

Current management of chemotherapy toxicity begins with the identifi-
cation of known risk factors such as age, smoking, previous cardiovascu-
lar history, and comorbidities such as diabetes mellitus and hypertension,
combined with screening of patients through echocardiography,
electrocardiogram, angiography, and serum biomarkers such as cardiac
troponin T and brain natriuretic peptide59,60 (Figure 2A). In the case of
anthracyclines, dexrazoxane is used as a clinical cardioprotective agent,
but it has serious limitations. After findings showed an association be-
tween dexrazoxane use in children and later development of secondary
malignancies such as acute myeloid leukaemia,61 the FDA released a
statement emphasizing that dexrazoxane use is only approved for adults
who have already received 300 mg/m2 of DOX or greater, and any other
use is considered ‘off-label’. Additional medications have been found to
have some protective benefit, including beta blockers, statins, and angio-
tensin II receptor blockers.62 Other strategies and techniques have been
developed to minimize anthracycline toxicity, including limiting the cu-
mulative life-time dose and using liposomal formulations63 to lessen ac-
cumulation inside cardiomyocytes. These approaches have reduced the

frequency of cardiotoxicity, but some patients continue to experience
debilitating effects.

For other agents, there are few specific treatments for cardiotoxicity
once it manifests and clinical management is largely symptomatic.
Depending on the severity of the reaction, the chemotherapeutic drug
may be discontinued, and approaches to manage arrhythmias, CHF, and
other issues are employed as the need arises. Although the use of pro-
phylactic agents such as calcium channel blockers and beta blockers has
been explored to reduce 5-FU toxicity, there is limited evidence sup-
porting their use.64 Fortunately, in the case of 5-FU and the newer tar-
geted therapies, removal of the offending drug will typically result in
resolution of cardiac dysfunction. However, as the adage ‘an ounce of
prevention is worth a pound of cure’ tells us, avoiding cardiotoxicity in
the first place would be preferable to management of active toxicity.

8. Modelling of cardiotoxicity with
iPSC-CMs

Until now, modelling diseases and drug toxicity has largely depended on
animal models. While useful, these models have serious limitations.
Differences in physiology, drug metabolism, and gene expression limit
the translational interpretation of animal experimental results. In con-
trast, human iPSCs allow researchers to have an unlimited supply of hu-
man cells that are patient-specific without any dependency on cell lines
or animal models. Cardiovascular research has greatly benefited from
the use of iPSCs as we can now obtain iPSC-CMs that are genomically
identical to the patients and to some extent recapitulate the biology of

Figure 1 Schematic of the cardiotoxic side-effects of the different chemotherapeutic agents.
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..in vivo cardiomyocytes.16 Specifically, these iPSC-CMs express most of
the cardiac-specific ion channels, have a versatile contractile apparatus,
and possess calcium-handling properties. Based on this, iPSC-CMs have
been demonstrated to be a highly useful platform for pharmacologic
studies and for modelling familial cardiac disease. An ever-growing list of
diseases encompassing channelopathies and cardiomyopathies is being
generated by using iPSC-CMs, including long QT syndrome,65 Brugada
syndrome,66 LV non-compaction,67 dilated cardiomyopathies,68,69 and
hypertrophic cardiomyopathies.70,71 Furthermore, iPSC technology pro-
vides a perfect platform to conduct ‘toxicity screens’ for each individual,
and iPSC-CMs can be subjected to the chemotherapeutic agents to de-
termine which individual has an increased propensity to develop cardio-
toxicity. Based on this, an oncologist can make an informed decision on
whether to use a different chemotherapeutic or titer the dose for each
individual patient (Figure 2B). These ‘toxicity trials’ in-a-dish have gained
momentum with many pharmaceutical companies now using the iPSC-
CM model to screen drugs to determine their arrhythmogenic
potential.72,73

8.1 Modelling anthracycline-induced
cardiotoxicity

In addition to modelling cardiac diseases, iPSC-CMs are being used as a
platform for modelling drug toxicity, specifically chemotherapy-mediated
cardiotoxicity. One recent study found that iPSC-CMs derived from
breast-cancer patients with clinical DOX cardiotoxicity recapitulated
DOX sensitivity in vitro compared with iPSC-CMs derived from healthy
controls and from patients not exhibiting cardiotoxicity after treatment.74

Markers of sensitivity to DOX included sarcomeric disarray, increased
caspase 3/7 activity and ROS production, mitochondrial and metabolic
dysfunction, and changes in calcium handling. The evaluation of cardiopro-
tective compounds in the presence of DOX, however, diverges from the
clinical experience and gives credence to the multifactorial nature of
anthracycline toxicity. In vitro evaluation of dexrazoxane in combination
with DOX showed an increase of toxicity across all lines, whereas cells
treated with N-acetylcysteine showed a decreased sensitivity to DOX,
suggesting that ROS may play an important role in this model.

Figure 2 Conventional vs. iPSC-based management of chemotherapy-induced cardiotoxicity. (A) Current approach to chemotherapy. A patient is diag-
nosed and receives established protocols. The patient may then undergo monitoring for cardiotoxicity, which may appear acutely or, in the case of doxoru-
bicin, may appear years later, thus requiring life-long monitoring. Early detection of potential toxicity allows early intervention, though lasting damage to the
heart may still occur. (B) Personalized Medicine approach: After a patient receives a cancer diagnosis, iPSC-CMs can be generated and screened against po-
tential therapies. iPSC-CMs can then be assessed by a number of functional and transcriptional parameters for evidence of toxicity. Based on this, safer drugs
can be selected for the patient much earlier, minimizing the risk of cardiotoxicity.
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..Development of iPSC-CMs as a platform for modelling drug toxicity is
ongoing. iPSC-CMs have been used to show decreased contractility,
contraction velocity, and beating rates in response to DOX. They have
also been used to document stress release biomarkers such as N-termi-
nal pro-brain natriuretic peptide (NT-proBNP), cTnI, and heart-type
fatty acid binding protein (hFABP),75 as well as to identify novel bio-
markers such as growth differentiation factor 15 (GDF15).76 Tissue engi-
neering technologies are also taking the platform beyond the traditional
two-dimensional monolayer culture methods towards more physiologic
three-dimensional (3D) approaches, allowing the integration of other
cardiac cell types into the model.77 Indeed, this 3D model was used to
test DOX-induced toxicity and was found to mimic the in vivo environ-
ment better than the 2D cultures,78 suggesting that combination of
iPSC-CM technology and tissue engineering might provide better under-
standing of drug toxicity.

Beyond toxicity studies, iPSC-CMs are also being used for the investi-
gation of novel drug targets, compounds, and therapies that may be car-
dioprotective when used in conjunction with DOX. As mentioned
above, activation of the HER2 signalling pathway in iPSC-CMs has been
demonstrated to attenuate DOX toxicity, whereas inhibition of HER2
signalling exacerbates toxicity.79 This is consistent with clinical data from
patients treated simultaneously with DOX and trastuzamab, an anti-
HER2 antibody, who experienced even greater cardiovascular dysfunc-
tion than with DOX alone.80 Investigators have found that HER2-
activators such as NRG have a protective effect in iPSC-CMs. NRG itself
is a pro-neoplastic agent, and its promise as a cardioprotective agent has
led to the creation of a bivalent form of the molecule that confers similar
protections on iPSC-CMs, while minimizing the pro-oncogenic effects.81

The search for new cardioprotective therapies even includes iPSCs
themselves. For example, iPSC-derived mesenchymal stem cells (iPSC-
MSCs) appear to have a protective function against DOX toxicity in
mouse cardiomyocytes through paracrine functions mediated by GDF15
and macrophage migratory inhibitory factor,82 as well as through direct
mitochondrial transfer to damaged cardiomyocytes mediated by Rho
GTPase 1 and TNF-a signalling.83 Further research using direct injection
or engraftment of iPSC-MSCs into the hearts of patients undergoing che-
motherapy may lead to a better understanding of the pathways and fac-
tors involved in cardio-protection and novel therapies. Although there is
significant morbidity with other traditional chemotherapeutic agents,84

thus far little research has focused on the potential use of iPSC-CMs as a
platform for toxicity modelling of these agents. A summary of the avail-
able iPSC-CM studies on traditional chemotherapeutic agents is pre-
sented in Table 1.

8.2 Modelling tyrosine kinase inhibitor-
induced cardiotoxicity
With more clinical use of TKIs and clinical studies suggesting TKI-
associated cardiovascular dysfunction such as CHF, vascular dysfunction,
and arrhythmias,44 there is a compelling need to model TKI-induced
cardiotoxicity using iPSC-CMs. TKIs have been used in a number of
iPSC-CM-based toxicity studies, including mechanistic studies on toxicity
exploring the utility of iPSC-CMs as a platform for toxicity screening in
large numbers of drugs. The early mechanistic studies of cardiotoxicity
revealed a broad range of effects of TKIs on cells, despite their targeted
approach. A study of ponatinib cardiotoxicity, for example, revealed the
generation of ROS, lipid accumulation, and the inhibition of ABL, AKT,
and ERK survival pathways. Additionally, ponatinib disrupted the normal
actin cytoskeleton, causing decreased expression of F-actin and slowing
the cardiomyocyte beating rate in a dose-dependent manner.85 Further
studies of ponatinib and other TKIs could ascertain which pathways are
the key players in cardiotoxicity and may assist in the development of
therapies engineered not only for specific targets, but also engineered to
avoid specific kinases.

A separate study tested erlotinib, sunitinib, imatinib, nilotinib, sorafe-
nib, and crizotinib, in addition to 17 other non-TKI compounds, to deter-
mine if iPSC-CMs could accurately identify the compounds with known
cardiotoxicity.86 Electrophysiology studies using iPSC-CMs revealed that
crizotinib, sunitinib, and nilotinib potently blocked the hERG potassium
channel, with erlotinib only weakly inhibiting it. Additionally, crizotinib
and sunitinib also inhibited the Nav1.5 tonic current and Cav1.2 cur-
rent.87 Using an improved cardiac differentiation protocol and high-
throughput screening of iPSC-CMs,88 a safety index for 21 TKIs was re-
cently developed with which seven TKIs with significant cardio-toxicity
in vitro were identified.89 Out of the seven, two (nilotinib and vandetanib)
have FDA black box warnings associated with cardiotoxicity.

Trastuzumab toxicity has also been modelled using iPSC-CMs, as
three of the HER receptors (HER1, 2, and 4) are expressed by iPSC-
CMs. Cardiotoxicity testing using iPSC-CMs confirmed previous data
that trastuzumab blocking of HER2 interferes with NRG1 signalling,
thereby leading to cardiotoxicity.79 Moreover, in vitro data from the
iPSC-CM platform also reflected the clinical experience observed when
trastuzumab is given in combination with anthracyclines.90 Another
group studying the effects of trastuzumab on iPSC-CM metabolism
found a decrease in oxidative phosphorylation and glucose utilization,
with an upregulation of genes involved in glycolysis. While the iPSC-CMs
utilized less glucose, interestingly there was no increase in lactate

..............................................................................................................................................................................................................................

Table 1 iPSC-modelling of traditional chemotherapeutic agents

Class Representative

drugs

Clinical cardiotoxic effects iPSC-CM modelling References

Anthracyclines Doxorubicin Arrhythmias, myocardial oedema, decreased LVEF,

congestive heart failure, myopericarditis,

and myocardial infarction

Sarcomeric disarray, increased

caspase 3/7 activity, ROS production,

mitochondrial and metabolic dysfunction,

and changes in calcium handling

74–76,78

Anti-metabolites 5-Fluorouracil Angina, QT prolongation, arrhythmias, myocardial

infarction, coronary vasospasm, and pericarditis

Cytotoxicity and induction of arrhythmic beats 84

Alkylating agents Cyclophosphamide Congestive heart failure, myopericarditis,

arrhythmias, and haemorrhagic myocarditis

Cytotoxicity and induction of arrhythmic beats 84

Anti-microtubule Paclitaxel Bradycardia, VPCs, and ventricular tachycardia Undetermined NA

NA, not applicable.
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production.91 Similarly, a recent study showed mitochondrial dysfunc-
tion and altered cardiac metabolism as the leading causes of
trastuzumab-induced cardiotoxicity.92 Here, the authors found that
patient-specific iPSC-CMs, when exposed to clinical doses of trastuzu-
mab, exhibited signicantly impaired contractile function without in-
ducing cell death. Moreover, metabolic modulation of these iPSC-
CMs by small molecules reversed the adverse effects induced by tras-
tuzumab. These findings may implicate metabolic impairment as part
of the toxic effects, however the foetal-like metabolism of iPSC-CMs
makes these studies difficult to interpret. A summary of the available
iPSC-CM studies on targeted chemotherapeutic agents is presented in
Table 2.

9. Toxicity trials in a dish: towards
personalized medicine

Beyond the potential use of iPSC-CMs for high-throughput drug screening
purposes, there is perhaps even greater excitement about studying the
mechanisms behind cardiotoxicity.93 Chemotherapy-induced cardiotoxic-
ity can have structural or functional consequences that could include loss
of electrophysiological or mechanical properties and/or cardiac cell death.
However, every person responds uniquely to chemotherapeutic agents
with respect to clinical cardiotoxicity, which could range from 8% to 26%
for DOX, 7% to 28% for trastuzumab, or 5% to 30% for paclitaxel.94 As
preclinical testing that includes both in vitro and in vivo assays has already
been adopted to determine the efficacy of a drug,95 it is possible to extend
the same principles towards predicting chemotherapy-induced cardiotox-
icity. Indeed iPSC-based drug toxicity screening could lead the way by
allowing a personalized approach to pre-screen a patient’s own cardio-
myocytes before being subjected to chemotherapy. For example, iPSC-
CMs generated from cancer patients could undergo comprehensive

in vitro characterization to determine which patient’s iPSC-CMs are more
prone to developing chemotherapy-induced cardiotoxicity. Once
assessed, a safety score can be assigned to each patient to inform the
treating oncologist who has a higher propensity to develop clinical cardio-
toxicity, thereby allowing informed decisions to be made regarding the
choice and dose of chemotherapeutic agents.

However, there are some limitations to the use of iPSC-CMs for drug
toxicity screening. For instance, these iPSC-CMs are immature and
closely resemble a foetal phenotype rather than an adult with regards to
structural and electrophysiological properties. This limitation makes it
difficult to interpret the response of the chemotherapeutic agents and
predict the translational impact in vivo. In addition, the generation of
iPSC-CMs is costly and time-intensive and it may be several months be-
fore drug toxicity trials could be conducted on the iPSC-CMs of cancer
patients. This in turn could delay the assignment of a safety score to the
patient, thereby delaying the start of cancer treatment, which could be
detrimental as early treatment can save lives and keep treatment costs
to a minimum. To overcome this, it is imperative that protocols are de-
veloped that can generate iPSCs and differentiate them to mature iPSC-
CMs in a more time-sensitive manner for drug toxicity screening.
Similarly, advancements in tissue engineering technology should be
implemented to take the platform beyond the two-dimensional (2D)
monolayer culture methods towards more physiologic three-
dimensional (3D) models. Furthermore, preemptively identifying and
biobanking iPSC-CMs from high-risk individuals that are susceptible to
developing cancer, such as patients with known family history or those
exposed to cancer-causing environmental or occupational hazards,
could eliminate the delay or ‘waiting time’ for the patients, in case they
are subjected to chemotherapy. Combined with the ever-improving car-
diac differentiation protocols,88,96 it is possible that preclinical toxicity
testing could be offered as a commercial application from biobanked
iPSCs (Figure 3).

..............................................................................................................................................................................................................................

Table 2 iPSC-modelling of targeted chemotherapeutic agents

Class Representative drugs Clinical cardiotoxic effects iPSC-CM modelling References

Monoclonal antibodies Trastuzmab Decreased LVEF, increased serum cardiac troponin I,

congestive heart failure, and hypertension

Decrease in oxidative phosphorylation

and glucose utilization, and metabolic

impairment

79,90,91

Tyrosine kinase i

nhibitors

Nilotinib Vemurafenib QT prolongation, vascular events, hyperglycaemia,

and risk of sudden death

Cytotoxicity, ROS production, lipid

accumulation, and inhibition of ABL,

AKT, and ERK survival pathways,

disruption of actin cytoskeleton

86,89

Ponatinib Vascular events 89

Trametinib Congestive heart failure 85,89

Sunitinib Hypertension, venous or arterial thromboembolic

events, decreased LVEF, and congestive heart failure

86,89

Vendetanib

Sorafenib Pazopinib

Axitinib

Dasatinib Pulmonary hypertension, QT prolongation, peripheral

oedema, pericardial effusion, and vascular events

89

Proteasome inhibitors Bortezomib Carfilzomib Hypertension, thromboembolic events, arrhythmias,

and congestive heart failure

Undetermined NA

Immuno-modulators Thalidomide Thromboembolic events Undetermined NA

Immune checkpoint

inhibitors

Pembrolizumab

Nivolumab

Myocarditis Undetermined NA

Ipilimumab

NA, not applicable.
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10. Pharmacogenomics: towards
precision medicine

It is very clear that the response of each patient to chemotherapy is dif-
ferent. Variability in response could be attributed to patient risk factors
such as age, prior cardiovascular incidents, or prior chemotherapy,
but could also be due to each patient’s genetic predisposition towards
developing chemotherapy-induced cardiotoxicity. For example, poly-
morphisms in key molecular components responsible for the pharmaco-
kinetics and pharmacodynamics of chemotherapeutic agents might
influence the individual patient’s responses, varying their susceptibility to-
wards cardiotoxicity. Moreover, these genetic variations might be re-
sponsible for tipping the balance for a given chemotherapeutic agent
from being efficacious to cardiotoxic. Thus, there is a compelling need to
conduct pharmacogenetic testing on cancer patients being subjected to
chemotherapy to better understand their genetic variability, predict car-
diotoxicity, and develop tailor-made treatment strategies for each pa-
tient. With the National Institute of Health’s Precision Medicine
Initiative,97 efforts are underway to understand how the genetic back-
ground of a patient can affect their response to drugs.

Pharmacogenomics aims at understanding the role of inter-individual
variability in drug efficacy and toxicity and has the potential to

significantly impact adverse effects in cancer and precision medicine.98

Drugs are defined by their therapeutic ratios (efficacy/toxicity), and the
last decade has seen significant efforts to improve the risk-benefit ratios
of anti-cancer drugs. The focus has largely been on maximizing the effi-
cacy by identifying tumour biomarkers, with more limited effort on iden-
tifying markers that can predict chemotherapeutic side-effects.
Advancements in next-generation sequencing (NGS) methods, along
with reduced cost and turnaround time for these technologies, have also
significantly boosted the field of pharmacogenomics, with an exponential
growth in the number of genome-wide association studies (GWAS) and
quantitative trait locus (QTL) studies being conducted in the last de-
cade.99 GWAS and QTL studies aim to identify common single nucleo-
tide polymorphisms (SNPs) or other genetic variants associated with
complex diseases, providing a powerful tool to investigate the impact of
genetic variation on individual drug response. Indeed, recent GWAS
studies have identified a number of adverse drug reaction (ADR) risk
loci,100 but there is still limited understanding as to how these variants
predispose people to ADR.

Millions of SNPs across the entire genome can be assayed by GWAS,
and pharmacogenomic studies in drug responses have found many ge-
netic variations that can determine whether a patient is high-risk or low-
risk. For example, a recent study identified a nonsynonymous coding

Figure 3 Scalability of iPSCs for drug toxicity-screening. By using iPSC-derived tissues from diverse populations, screening for uncommon or rare toxic
reactions can be performed on New Chemical Entities (NCE) before beginning preclinical or clinical testing. Cardiotoxic candidates can be removed from
the testing pool instead of moving on to more expensive clinical trials, thereby boosting success rates.
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variant, rs2229774 in the RARG (retinoic acid receptor) gene101 that
was significantly associated with paediatric DOX-induced cardiotoxicity.
Similarly, a number of SNPs have been identified within genes that are
associated with DOX treatment and toxicity.94 Importantly, genotype–
phenotype correlations revealed that the majority of SNPs associated
with DOX response were located in genes that encode drug transport-
ers or enzymes, suggesting that polymorphisms in patient pharmacody-
namics might influence DOX response and toxicity. In contrast to DOX
pharmacogenomics, where a number of variants have been correlated
to DOX-induced cardiotoxicity, little work has been done to identify
SNPs that could be culpable. This is despite the fact that a majority of
TKIs come with a black box warning for cardiac side-effects.

SNPs are capable of not only altering the gene with which they are as-
sociated, but they can also alter expression levels of many other
genes.102 Loci responsible for this genetic control are known as expres-
sion quantitative trait loci (eQTLs), which have been postulated to be an
important determinant of disease susceptibility for each patient.
However, it remains difficult to run validation studies for these GWAS
analysis to determine the causal relationship between genetic variants
and disease progression. Validation studies thus far have relied on human
cardiac biopsies that are difficult to acquire or animal models that are
genomically different from humans. Thus, a better platform to conduct
GWAS validation studies is needed. As human iPSCs can be cultured in a
dish for an extended period of time and still retain the genetic variance
present in the patients, they can serve as an ideal model to validate the
GWAS studies. Indeed, iPSCs and iPSC-derived cells have been utilized
by many groups to validate eQTL studies.103,104 Moreover, with the ad-
vent of genome engineering such as the clustered regularly interspaced
short palindromic repeat (CRISPR) technology, researchers have been
able to correct these variants in a dish to further validate the importance
of these genetic variants in disease progression.105–107

In addition, human iPSCs and their derivatives have emerged as a pow-
erful in vitro model system that uses multi-omic analysis to investigate the
genotype–phenotype relationship of ADR. For instance, iPSC-CMs de-
rived from DOX-induced cardiotoxicity patients were recently shown
capable of recapitulating patient-specific clinical susceptibility to
DOX.74,108 Our data showed that iPSC-CMs from DOX-induced cardi-
otoxicity patients were more sensitive to DOX when compared with
iPSC-CMs from patients not exhibiting cardiotoxicity. Taken together,
these new findings indicate that iPSC-derivatives can be used to accu-
rately validate genetic variants that make individual patients susceptible
to drug toxicity.

11. Conclusion

The last decade has seen a substantial improvement in the diagnosis and
management of cancer, mostly due to advanced technologies and newer
drugs, which has significantly improved the mean 5-year survival rate and
other metrics. Despite these efforts, cancer patients continue to suffer
from unpredictable ADR after chemotherapy. In particular, cardiotoxic-
ity remains the most predominant side-effect for several of these chemo-
therapeutic agents, including anthracyclines and kinase inhibitors.
Nevertheless, the question as to why certain patients are more adversely
affected by these drugs than others remains unanswered. Identification
of those patients who are at a higher risk of developing cardiotoxicity is
an important strategy to reduce the associated morbidity and mortality.
The iPSC platform offers promise to advance the development of per-
sonalized medicine approaches based on the response of a patient’s own

cells and tissues to chemotherapy. The iPSC technology may finally allow
the all-important functional validation of the various pharmacogenomic
studies instrumental in identifying crucial genetic polymorphisms associ-
ated with chemotherapy-induced cardiotoxicity.
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